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Abstract
An experimental study was performed to understand the atomization process in the
specialized printing method which consists of the high frequency oscillating motion of a
needle and a micro air jet. Highly viscous liquids, such as glycerin and acrylic paint
were successfully printed with this printing method within the line width of 1 mm.
High-speed imaging technique was used to observe the evolution and mechanical
perturbation of a liquid meniscus which is coated on the oscillating needle. Various
parameters which affect print patterns were identified to understand and control the
atomization process occurring at the oscillating needle.
For time-controlled atomization or printing, a pulse air jet system was implemented to
print liquids only when it is demanded, and it was shown that the period of atomization
can be controlled by the air jet on-and-off. The inertial coating process was studied to
explain the dynamic meniscus profile, compared with static meniscus. Kinematic
analysis of the needle motion was performed, which shows that the needle motion is a
sinusoidal one undergoing inertial coating. Liquid sheet breakup mechanism in the
presence of the air stream was also studied in conjunction with the principle of the air-
blast atomizer. Performing as a printing device or a droplet generator, the reciprocating
needle printing method studied here can be applied to printing or coating processes which
utilize high viscosity media.
Thesis Supervisor: Michael J. Cima
Title: Sumitomo Electric Industries Professor of Materials Science and Engineering
2
Acknowledgements
First of all, I would like to show my deepest appreciation to my advisor, Professor
Michael Cima, for his support, timely advice, and thoughtful guidance on this work.
Thanks to him, I could learn how to start and conduct research. His broad interests and
acute physical insight has inspired me a lot during this work. I also would like to thank
Therics Inc. for their financial support on this project.
I also would like to thank Professor Gareth McKinley for his willingness to become my
thesis reader.
I also thank everyone at the CPRL. Especially, I would like to thank Barbara for her
kindness, John for his willingness to help, James Serdy for his technical advice, Hong-
Ren and Mindy and for their help and encouragement.
Thanks to all my friends and roommates who have helped me keep going on living and
studying at MIT. And most of all I thank my family for their continuing love and
support, and Hyejin for always being there for me.
Thank you Jesus for all that you have done in my life.
3
Table of Contents
C hapter 1 ........................................................................................................................... 9
Introduction....................................................................................................................... 9
1.1 Background.................................................................................................................. 9
1.2 Objectives.................................................................................................................... 9
C hapter 2 .......................................................................................................................... 11
Experimental Apparatus and Testing Fluids............................................................. 11
2.1 IwataTM Custom M icron C plus airbrush ................................................................. 11
2.2 PaascheTM AB turbo airbrush ............................................................................... 12
2.2.1 W orking M echanism .................................................................................... 12
2.3 LeeTM High Density Interface (HDI) 3-way Solenoid Valve............................... 14
2.4 Reciprocating Saw ................................................................................................ 15
2.5 Testing Fluids ........................................................................................................... 16
C hapter 3 ......................................................................................................................... 20
Experim ents..................................................................................................................... 20
3.1 Prelim inary Experim ent........................................................................................ 20
3.2 Experim ents with PaascheTM AB turbo airbrush................................................ 22
3.2.1 Experim ental Setup..................................................................................... 22
3.2.2 High Speed Video Im ages........................................................................... 23
3.2.3 Observation .................................................................................................. 27
3.2.4 Print Patterns .............................................................................................. 30
3.2.5 Geom etry of the Needle Tip ...................................................................... 34
3.3 Droplet Generation by Needle Reciprocation without Air Jet............................. 36
3.3.1 Observation .................................................................................................. 39
3.4 Experim ents with Pulse Air Jets.......................................................................... 39
3.4.1 Droplet generation with Y-junction Micro-channel ................................. 40
3.4.2 Experiment with two types of airbrushes and pulse air jet ...................... 41
C hapter 4 ......................................................................................................................... 51
R esults and D iscussion................................................................................................. 51
4.1 Kinematic Analysis of the Reciprocating Motion of the Needle ......................... 51
4.2 M eniscus Profile ....................................................................................................... 55
4.2.1 Static M eniscus ........................................................................................... 55
4.2.2 Dynam ic M eniscus ....................................................................................... 57
4.3 Atom ization................................................................................................................ 64
4.3.1 Liquid Sheet Break-up with Air Jet........................................................... 64
4.3.2 Air-blast Atom ization ................................................................................ 65
4.3.3 Various Param eters Affecting Atom ization .............................................. 68
4.3.3 Droplet Generation by Reciprocating Motion without Air Jet ................... 72
4.4 Pulse Air Jets ............................................................................................................ 74
C hapter 5 ......................................................................................................................... 75
C onclusion and Future W ork...................................................................................... 75
5.1 Conclusion ................................................................................................................. 75
5.2 Future W ork .............................................................................................................. 76
B ibliography .................................................................................................................... 77
4
List of Figures
Figure 1: Sketch of the specialized airbrush method for high viscosity media ............. 10
Figure 2: IwataTM Custom Micron C plus airbrush........................................................11
Figure 3: PaascheTM AB turbo airbrush (Source: PaascheTM Airbrush Company)...... 12
Figure 4: Top view of PaascheTM AB turbo airbrush ..................................................... 14
Figure 5: Lee TM High Density Interface (HDI) 3-way Solenoid Valve.......................... 14
Figure 6: Reciprocating saw to generate oscillating motion.......................................... 16
Figure 7: Shear rate-Viscosity Relationship of Acrylic Paint (Shear thinning flow
b eh av ior) ........................................................................................................................... 17
Figure 8: Viscosity-shear rate plot of glycerin (99+%) ................................................ 18
Figure 9: Viscosity-shear rate plot of four different acrylic paints ................................ 18
Figure 10: Schematic of preliminary experiment ......................................................... 20
Figure 11: Print patterns obtained by the preliminary experimental setup .................... 21
Figure 12: Experimental setup and the printing device ................................................ 22
Figure 13: Top view of the printing device and the needle.......................................... 23
Figure 14: Configuration and alignment of the printing components........................... 24
Figure 15: Glycerin atomization: chronological images by high-speed video camera with
acrylic paint (2 ms between images, 500 frames per second)........................................ 25
Figure 16: Acrylic paint atomization: chronological images by high-speed video camera
with acrylic paint (2 ms between images, 500 frames per second) .............................. 26
Figure 17: Typical atomization process observed by high speed images ...................... 28
Figure 18: Calculation of liquid volume around the needle at its maximum protrusion.. 29
Figure 19: Comparison of the instance of atomization (a) glycerin, (b) acrylic paint, (c)
m ilk ................................................................................................................................... 2 9
Figure 20: Print pattern with dyed water on paper ....................................................... 30
Figure 21: Print pattern with acrylic paint on paper ..................................................... 31
Figure 22: Print pattern with dyed glycerin on paper ................................................... 32
Figure 23: Print patterns with glycerin (99+%) + methylene blue for different flow rates
........................................................................................................................................... 3 3
Figure 24: Comparison of various print patterns under different printing conditions...... 34
5
Figure 25: Various shapes of needle tips: (a) original needle, (b) original needle with wax
coated, (c) microtube covered needle, (d) fork-shaped microtube covered needle, (e) flat
ended needle, (f) flat ended needle with wax coated................................................... 35
Figure 26: Difference in a hairline spray diameter between a standard needle and
sharpened needle............................................................................................................... 36
Figure 27: Schematic of experiment with reciprocating saw........................................ 37
Figure 28: Needle tip with eye(s): (a) one-eye needle, (b) two-eye needle, and (c) original
sharp needle ...................................................................................................................... 38
Figure 29: Various patterns of droplets printed in dominant spray region in Figure 27 with
h=3.5 cm, needle reciprocation for 5 seconds: (a) 0.7 mm sharp needle, (b) 275 tm sharp
needle with micro tube covered, (c) needle with two eyes, (c) needle with one eye........ 38
Figure 30: Mechanism of backward droplet generation: (a) the wetted needle pulling the
liquid film, (b) film break-up producing droplets backward. .................... 39
Figure 31: Y-junction M icro-Channel............................................................................ 40
Figure 32: Liquid bubble breakup at the outlet nozzle ................................................ 41
Figure 33: Experiment with IwataTM airbrush using pulse air ..................................... 43
Figure 34: Print pattern of dyed water on paper using IwataTM airbrush with pulse air jet
(uncontrolled stipple effect)......................................................................................... 43
Figure 35: IwataTM airbrush fluid head system: (a) complete head system, (b) crown cap
removed, (c) nozzle cap removed, and (d) receded needle by main lever.................... 44
Figure 36: Opening for fluid in IwataTM airbrush fluid head system: (a) needle in original
position (no opening), (b) needle receded by pulling back main lever (opening for fluid
app ears)............................................................................................................................. 44
Figure 37: Experiment with PaascheTM airbrush using pulse air jets............................. 45
Figure 38: Two modes of overlap between air jet pulsing and the needle oscillation: (a)
air jet ON-time is greater than the needle oscillation period, (b) air jet ON-time is less
than the needle oscillation period ................................................................................ 46
Figure 39: Print pattern with dyed water on paper (Xerox) using PaascheTM airbrush with
pulse air jets (nozzle ID: 363 pm, air pressure: 5 psi, needle oscillation period: 16.7 ms,
air O N -tim e: 10.4 m s)............................................................................................... .. 47
Figure 40: Damaged powder bed surface (A120 3, particle size 30 Am, layer depth 2 mm)
6
by the pulse air jet from 50 lm diameter air nozzle (2 mm from the surface, 2 psi)........ 48
Figure 41: Print pattern on pre-solidified slurry-based 3DPTM powder bed surface (A12 0 3,
particle size 30 /.m) by the pulse air jet ....................................................................... 48
Figure 42: The effect of pulse air on-time with glycerin at the minimum pressure: Pulse
air jet on-time includes (a) less than two cycles of needle oscillation (no spray), (b) more
than two cycles of needle oscillation (spray was produced).......................................... 49
Figure 43: Oscillating motion mechanism: (a) An air-driven wheel and a slotted link, (b)
Schematic diagram to determine the motion of point A attached to the needle............ 51
Figure 44: Static meniscus around a thin cylindrical wire immersed in a liquid reservoir
(In most of our experim ents, a =50 tm) ....................................................................... 55
Figure 45: Chronological images of meniscus with glycerin (without air jet, 2 ms between
images, 500 frames per second): enlarged images at the needle tip region.................. 57
Figure 46: Chronological images of meniscus with glycerin (without air jet, 2 ms between
images, 500 frames per second): enlarged images oat the fluid reservoir region......... 58
Figure 47: Inertial coating of a fiber by Qu&r6 et al. [3]. A fiber with a radius r is
withdrawn out of a liquid reservoir and the static meniscus is stretched for a length X... 61
Figure 48: Slow coating of thin wires (r =12.5, 63.5, or 88.5 Jim) by viscous silicone oils
(20 -500 mPa.s) and the coating velocities between 0.1 mm/s and 5 cm/s. All the data
under various different conditions obey a generalized LLD law [3]............................ 62
Figure 49: Quick coating of thin wires out of water. The diverging behavior (not obeying
the LLD) of the film thickness is shown beyond a threshold in velocity, which depends on
the fiber radius. (black squares: r =12.5 lim; white squares: r =63.5 lim) [3] .............. 62
Figure 50: Conceptual sketch of the disintegration of the liquid sheet, which initially
coated on a cylindrical w ire ......................................................................................... 65
Figure 51: Comparison of atomization configuration: (a) atomization at the needle
surface, (b) typical configuration of air-blast atomizer................................................. 66
Figure 52: Images of planar liquid film undergoing air-blast atomization. Film thickness
is 0.4 mm. Note that lower liquid velocity with higher air velocity results in minimum
sheet breakup length [32].............................................................................................. 67
Figure 53: Effect of viscosity and air nozzle size on minimum air pressure to generate
spray at needle frequency 60 Hz.................................................................................. 69
7
Figure 54: Converging nozzle operation: (a) nozzle geometry [8], (b) normalized pressure
distribution [8], (c) pressure distribution by various stagnation pressures. ................... 71
Figure 55: Cross section view of coated liquid film exposed to air jet......................... 72
Figure 56: Schematic diagram of the atomization process ............................................ 76
List of Tables
Table 1: Description of solenoid valve ports ................................................................ 15
Table 2: Properties of testing fluids .............................................................................. 19
Table 3: Comparisons of minimum pressure ................................................................ 50
8
Chapter 1
Introduction
1.1 Background
Three Dimensional Printing ( 3 DPTM) is a solid freeform fabrication technology that has
been applied to the fabrication of pharmaceutical drug delivery forms and complex
shaped ceramic components. The current 3DPTM utilizes jetting techniques as printing
methods, such as solenoid valve jet drop-on-demand (DOD) printing, piezoelectric DOD
printing, and continuous jet (CJ) based printing. One of limitations of those traditional
ink-jet printing methods is that fluids, such as slurry and suspension, must be optimized
in properties before fluid droplets are dispensed to a layer of powder bed, which is either
dry powder bed or pre-solidified powder bed. The previous studies [9, 10] have shown
that viscosity is the main limitation of the current jet-based techniques. For example,
they do not ensure jetting reliability when printing fluids with high viscosity greater than
12 cP [10]. In general, fluid viscosity is the main constraint that limits the range of
fluids applicable to 3 DPTM technology.
There is a clear need to explore other printing methods that are less demanding
on fluids properties, and especially can print with high viscosity media. One of the
possible solutions is to utilize a specialized printing method which consists of the high
frequency oscillating motion of the needle and the micro air jet. The schematic drawing
is shown in Figure 1. This method utilizes mechanical perturbation of liquid meniscus
that is generated by reciprocating needle in the presence of an air stream from a micro air
nozzle. Although this printing method has a long history [18], it has been known only
among professional airbrush artists, and there has never been a study of the printing
mechanism of this specific printing method.
1.2 Objectives
The objectives of this thesis are to understand the basic physics related to this specific
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printing method, and find and control the parameters which affect print pattern. The
main experiments are conducted with the printing device based on the specialized
airbrush technique. Various fluids, such as glycerin, water, and acrylic paints, are
printed with this method. High-speed imaging technique is also used to observe the
evolution of a liquid meniscus shape during each cycle of reciprocating needle with high
frequency.
In addition, experiments with solenoid air valve are conducted to obtain the
controlled printing. Different shapes of needle tips were tested to understand the
influence of the needle tip topology on the atomization, and also experiments of printing
liquids on powder beds were conducted. This research focuses on observation and
control of liquid meniscus instabilities and atomization of viscous liquids with the
specialized airbrush technique in order to understand the basic physics of the atomization
process leading to printing of high viscosity media.
Saor sA
Figure 1: Sketch of the specialized airbrush method for high viscosity media
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Chapter 2
Experimental Apparatus and Testing Fluids
2.1 IwataTm Custom Micron C plus airbrush
The IwataTM Custom Micron C plus airbrush (IwataTM Airbrush Co.) is a general type of
airbrush. This airbrush was selected for its ultra-fine detail spray and superior
atomization ability. In this type of airbrush, the airbrush generates lower pressure at the
outer space of capillary tube by flowing air stream through the annular opening. This
can be considered as the simple application of Bernoulli's equation. The lowered
pressure by Bernoulli's principle at the end of the tube enables liquid from the central
tube to be entrained into the air stream, producing droplets or spray. Two independent
paths exist, which are liquid path and air path. Diameter of the fluid nozzle and the
thickest part of the fluid needle are both 0.23 mm so that the fluid needle can fit and
block the fluid nozzle when the main lever is released. When the main lever is pulled
back, the annular opening enables liquid to be entrained and then be atomized to form
spray. The fluid needle has a long taper and sharp tip that is ground and polished.
5 em
Figure 2: Iwatarm Custom Micron C plus airbrush
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2.2 PaascheTm AB turbo airbrush
PaascheTM AB turbo airbrush (Paasche Airbrush Co. IL) is the only oscillating needle type
of airbrush, which is currently made and commercially available. This airbrush is used
only among professional airbrush artists because it is temperamental and highly sensitive
but it can produce the finest detailed work compared with other airbrushes. This
airbrush, shown in Figure 3, was chosen because its working mechanism is the same as
the one in Figure 1.
2.2.1 Working Mechanism
Figure 3: PaascheTm AB turbo airbrush (Source: PaascheTm Airbrush Company)
It is named 'turbo' because of its air-driven turbine wheel, which rotates at a rate of up to
20,000 rpm. The rotating motion of the wheel is transformed into reciprocating motion
by the cam and walking arm. As shown in Figure 3, the power wheel has a serrated
edge, which helps the air stream push and rotate the wheel. Some portion of the shaft,
on which the power wheel spins, passes through a rectangular slot in the walking arm.
The portion of the shaft that contacts with the slot is offset from the center, and this
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geometry of the shaft causes the walking arm to oscillate back and forth. Then, the
needle sitting on the walking arm oscillates back and forth corresponding to the motion of
the turbine wheel at high speed. The kinematic analysis of the needle motion will be
discussed in Chapter 4.
The speed of the power wheel can be controlled either by source air pressure or
by the speed regulator screw regulating the volume of air pushing against the power
wheel. The air stream of airbrush is turned on and off by the finger lever. The original
design of the airbrush has only one air stream source, which splits into two streams inside
the airbrush; part of the air is used to spin the power turbine wheel and the rest goes
directly through the micro air nozzle or air blast tube. However, the original design was
modified for the purpose of having two independent controls of each air stream.
When the finger lever is pressed down, air starts to enter the airbrush and initiate the
reciprocating motion of the needle. Then, as the finger lever is pulled back, the walking
arm is pushed forward, and in turn the reciprocating needle is pushed and exposed to the
air stream from the air nozzle. At the rate of thousands of times per minute, the needle
retracts into the needle bearing picking up a coating of liquid, and then moves forward.
During this repetitive motion, a certain amount of liquid is drawn out of the needle
bearing and is exposed to the air stream. The needle bearing along which the needle
oscillates has a small hole inside so that a small amount of liquid can be supplied to the
needle bearing consistently according to the needle motion. The oscillating motion of
the needle triggers the inertial coating process that enables the liquid to cling to the
needle forming the conical meniscus shape. The shape of meniscus on the needle
surface and inertial coating process will be discussed in Chapter 4. During each
oscillation, air stream blasts the needle meniscus and then the needle returns to the needle
bearing in order to compensate for the amount of liquid removed. This process is
repeated by a high frequency action of the needle. Due to the air jet, a small portion of
liquid is blown off the needle surface and sprayed onto the print substrate. Since the
needle is tapered, when the finger lever is pulled back further, a thick portion of the
needle is exposed to the air stream and as a result, a wider spray pattern can be produced.
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Figure 4: Top view of PaascheTm AB turbo airbrush
In summary, a spray pattern or a printed line of liquid is formed by the reciprocating
motion of the needle exposed to the air stream, and the thickness of a line can be
controlled by the degree of the exposure of the needle to the air stream.
2.3 LeeTm High Density Interface (HDI) 3-way Solenoid Valve
A solenoid valve is used to generate the pulse air stream. The High Density Interface
(HDI) 3-way Solenoid Valve (The Lee Co. CT, model #LHDA2433115H) is selected, and
it is shown in Figure 5. The shape of the valve is cylindrical with three port legs and
approximately 31.75 mm in length and 7.37 mm in diameter. Response time is as fast as
0.25 milliseconds. The pressure limit is 30 psig with flowing air at 24 VDC.
NC Ccmmcn NO
Figure 5: Lee Tm High Density Interface (HDI) 3-way Solenoid Valve
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The valve has three ports: N.C., Common, and N.O. port. Among 3 ports, only two
ports were used as air-in and air-out ports. There are six ways the three ports can be
connected to air input and output. Since the internal geometry or design is complicated
and thus the flow resistance is different in each case, the best case for generating pulse air
should be found experimentally.
When the solenoid operates at high speed, the compressible effect of air plays an
important part. It was determined experimentally that air from the source enters the
solenoid valve through N.O. port and goes out through the Common port.
HDI solenoid valve port name Description
N.O. PORT AIR-IN PORT
COMMON PORT AIR-OUT PORT
N.C. PORT NOT USED
Table 1: Description of solenoid valve ports
2.4 Reciprocating Saw
The reciprocating saw, shown in Figure 6, was used to generate oscillating motion.
SUPER SAWZALL (MILWAUKEE Electric tool Co. WI, model #6537-22) was selected
for the experiments that need fast reciprocating motion and longer stroke than that of
PaascheTM AB turbo airbrush. The length of stroke is 32 mm and strokes per minute are
0-3200 rpm. This reciprocating saw has double bearing wobble plate mechanism so it
can reduce vibration. For experimental purpose, the needle was attached to the tip of
the blade and the reciprocating saw was gripped in a vise to prevent vibration.
15
Figure 6: Reciprocating saw to generate oscillating motion
2.5 Testing Fluids
Spray generation or droplet generation experiments were performed with (1) deionized
water and methylene blue (Alfa Aesar), (2) glycerin (99+%, Alfa Aesar) and methylene
blue, (3) acrylic paint (pearl magenta, CreatexTM Airbrush colors Co. CT).
Deionized water and glycerin are known to be Newtonian fluid. However,
acrylic paint is a non-Newtonian fluid; that is one whose viscosity changes with the
applied shear stress. A Paar Physica Viscometer (Manual DSR4000 with a UDS200
control station, Paar Physica USA, VA) was used to measure the viscosity of acrylic paint.
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Figure 7: Shear rate-Viscosity Relationship of Acrylic Paint (Shear thinning flow behavior)
Figure 7 shows the relationship between viscosity and shear rate at 25 *C of the acrylic
paint. At a shear rate of 1000 /s, viscosity of acrylic paint is about 30.5 cP. As shown
in Figure 7, acrylic paint is shear-thinning fluid; fluid displays a decreasing viscosity with
an increasing shear rate. Surface tension and density of each fluid were also measured
(Table 2). If we fit the curve and find the power law as r(j) = kf"' (rq: viscosity, j:
shear rate) where k and n are fitted parameters, then k=3493 and n=0.308. Since n is
less than 1, the fluid is shear thinning. Log-scale plots of viscosity and shear rate for
this acrylic paint and three other paints are shown in Figure 9.
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Figure 8: Viscosity-shear rate plot of glycerin (99+ %)
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Figure 9: Viscosity-shear rate plot of four different acrylic paints
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Four different acrylic paints were tested: (1) LiquitexTM Medium viscosity Acrylic paint,
(2) GoldenTM Acrylic fluid paint, (3) Tri-Art TM Airbrush Acrylic paint and (4) CreatexTM
Airbrush colors. Viscosity data of all these four paints is shown in Figure 9, from top to
bottom in the order of (1), (2), (3) and (4). All of these paints are shear-thinning fluids
and more than 30 cP even with high shear rate of 1000 1/s. The reason CreatexTM
Airbrush was chosen is that it does not dry quickly compared with other paints. In the
printing experiments with airbrush, fluid contacts directly with air stream. Thus, if the
fluid dries too quickly while contacting with air stream, the solidification of liquid at the
needle tip leads to unstable spray pattern. For the same reason, glycerin was selected
that has low vapor pressure, i.e. less than 0.1 hPa at 20*C and high viscosity of 1000 cP.
In previous research on the solenoid drop-on-demand system (Therics
Incorporated, Princeton, New Jersey), the testing solution (80 wt.% propylene glycol and
20 wt.% deionized H20) has the viscosity of around 16 cP [9]. With fluids whose
viscosities are higher than 16 cP, the drop-on-demand system causes problems such as
unstable droplet generation, clogging and partial blockage of nozzle [10]. However,
since the airbrush printing method does not need a small liquid orifice or liquid nozzle,
fluid with much higher viscosity such as glycerin and acrylic paint can be used.
Viscosity of glycerin is very sensitive to concentration and temperature, so very
small amounts of water changes the viscosity of glycerin significantly. The properties
of testing fluids are summarized in Table 2.
(25 'C. 1 atm) Surface Tension Density
Viscosity (cP) ( kg/m) Fluid Characteristic
Water + Methylene Blue 1 72 1000 Newtonian
Glycerin (99+o%) + -1060 63 1260 Non- Newtonian
Methylene Blue
Acrylic paint (Createxr) 30 5 cP at 1000 11s 35 -1000 Non- Newtonian
Table 2: Properties of testing fluids
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Chapter 3
Experiments
There are numerous factors affecting spray pattern or atomization process with the
reciprocating needle printing, such as air pressure, liquid properties, air nozzle size,
needle tip geometry and the rate of needle oscillation. All these parameters were
investigated to obtain a better understanding of atomization process occurring at the
needle tip of the airbrush. In addition, with the pulse air jet generated by a solenoid
valve, the approximate drop-on-demand or spray-on-demand was implemented.
3.1 Preliminary Experiment
A preliminary experiment, shown in Figure 10, was performed to verify the feasibility of
the concept of the reciprocating needle printing. Reciprocating motion is generated by
the 'on' and 'off' of a pull-type open frame solenoid (Bicron Electronics Co. model#
SD1152N). Acrylic paint was used for this experiment. Liquid film in the flat washer
(diameter 5 mm) was sustained by surface tension during the reciprocating motion of the
needle.
PAPER
MOTOR
FWIb
OROPIETS
LUNE
JI rcortvg mnti
FLUIb RESERVMR (FLAT WASHER)
AIR N=Eu
MPRESSEb AIR
FWIb WETTE#
NEbE
bRAWN <NOT TO SCALE>
Figure 10: Schematic of preliminary experiment
From the experiment, it was shown that achieving good alignment of the needle and the
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air nozzle is important to obtain a stable spray at the needle tip. The configuration of
the experiment and the printing pattern are shown in Figure 11. Although this
experiment was performed with crude prototype setup, various factors that affect printing
pattern could be determined, such as needle tip shape, air pressure, nozzle size, and
needle oscillation frequency.
stroke
0 
U d
4
u=10mm, d=2mm
Stroke = 5 mm
Washer = 5 mm / Washer thickness = 1 mm
u=10mm, d=2mm
Stroke = 3 mm
Washer = 5 mm / Washer thickness = 1 mm5M k~a
ledr
Figure 11: Print patterns obtained using the preliminary experimental setup
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Stroke 3 - 10 mm
u: 5 - 10 mm
d: 1-2mm
Air gage Pressure (P) : 300 - 600 kPa
Nozzle Diameter : 0.127 mm
Washer Diameter: 3-5 mm
Frequency of oscillation : 1 Hz
Needle diameter: 0.66 - 0.84 mm
Ilk
3.2 Experiments with PaascheTm AB turbo airbrush
PaascheTM AB turbo airbrush uses the exact same principle as the one of the preliminary
experiment; the air stream blows off liquid at the needle tip. This liquid removal
process at the needle tip was videotaped and observed with high-speed video camera
because the needle oscillates at high frequency.
3.2.1 Experimental Setup
With the help of high-speed video camera (Redlake MASD PCI Motionscope,
monochrome high-speed video at up to 8,000 images per second), the process of the
atomization at the tip of the needle was videotaped. Then, using Midas 2.0 motion
analysis software (Xcitex, Inc.), the video taken was analyzed frame by frame.
xy-stage
Figure 12: Experimental setup and the printing device
The pull-back motion of the finger lever that determines the degree of the exposure of the
needle to the air stream or the needle stroke was controlled precisely by the micrometer
head (MHC Micrometer head, 0-0.25", graduations: 0.001", Mitutoyo Co. Japan).
The original design of the PaascheTM AB turbo airbrush has only one air source.
However, the airbrush was modified to have two independent air sources; one is for the
needle oscillation and the other is for air stream from the nozzle. In this experiment, a
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continuous air jet stream was used. The modified airbrush was stationary in space and
an XY-stage (Motorized Microscope Stage, 4400LS, 4"x4" LeadScrew, Conix Research
Inc., OR) was used to simulate the printing table. The speed of the XY-stage was fixed
at 1 cm/s for the experiments.
Figure 13: Top view of the printing device and the needle
The distance between the needle and the printing surface was maintained at 1 mm. The
spray area is only a function of the distance at which the airbrush is sprayed, if other
variables remain fixed such as the needle speed, the finger lever position and the air
stream from the nozzle. So, the increased distance results in coarse and wide spray
pattern. Furthermore, the geometry of the needle bearing restrains further decreases in
the distance less than 1 mm.
3.2.2 High Speed Video Images
The spray pattern is very sensitive to the alignment between the nozzle and the oscillating
needle. Fluids with low vapor pressure would be preferable, such as glycerin.
Otherwise, there is a possibility that liquid would be solidified by air stream and deform
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the original needle shape. The relative positions of each component in the printing
device are shown in Figure 14.
1: needle
2: air nozzle
(Source: RossmanArt Co.,http://rossmanart.com)
(Source: Wildfowl Carving Magazine, spring 1999)
Figure 14: Configuration and alignment of the printing components
The frequency of the needle was measured by stroboscope (Strobotac type, 1538-A,
General Radio Co.) and double checked by the high-speed video camera. During
videotaping, the oscillating needle frequency was set from 83 Hz to 125 Hz (time period:
8 ms ~ 125 ms). This means that the turbine wheel velocity used in the experiment
varied in the range from 5000 rpm to 7500 rpm, although even higher wheel velocity
could be used. As the oscillation speed increases, more intensive light is required to
capture the instant image without blurring it, because the exposure time of the camera
should be decreased. In addition, the strong heat caused by the intensive light causes
the testing liquid to dry quickly and the metal part of the device heat up. Because of
these adverse effects, the air-driven wheel velocity was set below its maximum rotating
speed.
Chronological images of atomization and the typical configuration at the instance
of atomization are shown in Figure 15 (glycerin) and 16 (acrylic paint). Each fluid
undergoes a similar atomization process triggered by the meniscus perturbation induced
by needle oscillation.
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(a) (b) (c)
(d) (e) ()
Figure 15: Glycerin atomization: chronological images by high-speed video camera with
acrylic paint (2 ms between images, 500 frames per second)
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(a)
kc)
Figure 16: Acrylic paint atomization: chronological images by high-speed video camera
with acrylic paint (2 ms between images, 500 frames per second)
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(b)
3.2.3 Observation
It was observed that atomization process occurs at the tip of the fast moving needle.
The principle of atomization process observed here is the liquid film instability and then
breakup into small droplets or atomization.
There are several factors affecting atomization:
- Air jet pressure and velocity
- Needle oscillation frequency
- The degree of the needle exposure to the air stream (The needle tip can be immersed
entirely or partly in the needle bearing during the reciprocation cycle)
- Alignment and distance between air nozzle and the needle
- Fluid properties, especially viscosity
Typically, the process of atomization is composed of four steps during each cycle of the
needle oscillation: (1) the needle is approaching air jet stream, (2) the needle starts to be
exposed to air jet and then the fluid meniscus around the needle begins to deform, (3) the
meniscus shape deforms further and the receded and accumulated fluid forms thin sheet,
and (4) the thin sheet of liquid eventually breaks up into small droplets.
In most cases, it was observed that the deformed meniscus has two fluid bulges
or waves and then they become merged by the backward motion of the needle. The
deformed meniscus results in a local accumulation of fluid and it undergoes the
atomization process by air jet from the nozzle.
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Position of Air Nozzle
It
- Glycerin (99+ %)
- Air: 5 psig
- 500 frames per second
(2 ms between frames)
(1) Needle approaching air jet stream
(2) Exposure to air jet stream
(3) Liquid recedes and accumulated fluid forms
thin sheet
(Sudden mergence of two bulges followed)
(4) Thin sheet of liquid eventually breaks up into
droplets or becomes atomized into small
droplets.
Figure 17: Typical atomization process observed by high speed images
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The approximate volume of liquid around the needle can be calculated from single
images from the high-speed video camera. This calculation was done by assuming a
solid of revolution along the needle axis and approximate volume is about 1.2 mm3
(Figure 18).
Volume . = 1.2 mm 3
Figure 18: Calculation of liquid volume around the needle at its maximum protrusion
(a) (b) (c)
Figure 19: Comparison of the instance of atomization (a) glycerin, (b) acrylic paint, (c) milk
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3.2.4 Print Patterns
During the atomization process, numerous different sizes and shapes of droplets are
produced. The eventual print pattern is the collection of these small droplets. Each
liquid shows different print patterns. Most of the printing experiments were performed
on print paper (Xerox). However, the printing substrate can be any hard surface, which
can sustain air pressure. Variables such as needle frequency, airflow rate, air pressure,
air nozzle diameter, and print substrate velocity were measured each time.
(1) Water + methylene blue
Needle Frequency: 3300 rpm (55Hz)
Air Flow Rate: 11.8 cm 3ls
Air Pressure: 5 psi
Nozzle Diameter: D = 427 pLm
Paper moving velocity: 1 cm/s
Figure 20: Print pattern with dyed water on paper
As seen in Figure 20, the line width is less than 1 mm. Since the print pattern is actually
the collection of small droplets generated by airflow, the line has grainy features around
the printed line. Water (viscosity 1 cP) shows quite uniform and stable line patterns
compared with other high viscosity liquids, such as acrylic paint and glycerin.
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(2) Acrylic paint (CreatexTM Airbrush Colors)
4 - - -
Figure 21: Print pattern with acrylic paint on paper
As shown in Figure 21, the line width with acrylic paint is about 1 mm. Because acrylic
paint tends to be solidified when exposed to air stream directly, unstable printing pattern
may appear if acrylic paint becomes solidified around the needle bearing or needle
surface. However, overall line patterns are quite stable and confined to 1 mm width,
having grainy feature around the printed lines. The properties of the acrylic paint were
shown in Table 2.
Increasing the viscosity of the testing liquid affects the frequency of the needle.
The same air pressure as the one used in the experiment with water was applied to drive
the air-driven turbine wheel that generates the reciprocating motion of the needle.
However, the needle frequency became lowered from 55 Hz to 48 Hz once the working
fluid was changed from water to acrylic paint. While reciprocating, the needle became
submerged in the needle bearing filled with the liquid. Due to its low mass (15 mg), the
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Needle Frequency: 2900 rpm (48Hz)
Air Flow Rate: 11.8 cm 3/s
Air Pressure: 5 psi
Nozzle Diameter: D = 427 pLm
Paper moving velocity: 1 cm/s
ffiv"- "n - . A lik A - -I.-
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needle has low inertia while reciprocating, and this low inertia makes the needle
susceptible to the increased viscous effect of the liquid. As a result, the increase in
liquid viscosity lowered the speed of the air-driven wheel, and in turn the frequency of
the needle oscillation. Therefore, if the same needle frequency is required for liquids
with different viscosities, the air pressure for the air-driven turbine wheel should be
modified.
(3) Glycerin (99+%) + methylene blue
NvWff :I T-*wfIVtMr 1*
'I
Figure 22: Print pattern with dyed glycerin on paper
Glycerol (about 1000 cP) was printed successfully within 1 mm line width (Figure 22).
In contrast to the acrylic paint experiment, the solidification problem at the needle tip was
not observed while printing. In this experiment, it was also observed that for the same
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Needle Frequency: 2300 rpm (38Hz)
Air Flow Rate: 11.8 cm 3/s
Air Pressure: 5 psi
Nozzle Diameter: D = 427 pLm
Paper moving velocity: 1 cm/s
pressure for the air-driven turbine wheel, again the frequency of the needle was lowered
than when acrylic paint was used, from 48 Hz to 38 Hz.
Compared with viscosities of water and acrylic paint, glycerin has much higher
viscosity. Despite this high viscosity, the reciprocating needle printing method can print
line patterns within line width of 1 mm on print surface.
(4) Effect of Air Stream Intensity
With higher value of air pressure or flow rate (velocity), the airbrush can remove more
liquid from the needle for each cycle and so the printed lines have thicker width. Figure
23 shows the effect of air flow rate on print patterns.
Incream in
ar flow raiB
Figure 23: Print patterns with glycerin (99+ %) + methylene blue for different flow rates
With insufficient air flow rate, the print pattern is not consistent and irregular intermittent
spray is produced. The air compressibility issue will be discussed in Chapter 4.
(5) Comparison of Print Patterns
In all cases with water, acrylic paint, and glycerin, each liquid can be sprayed and
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Air Pressure: 10 psi
Needle Frequency: 2300 rpm (38Hz)
Nozzle Diameter: D =427 pLm
Paper moving velocity: 1 cm/s
Air Flow Rate: 8.9 cm 3 /s
Air Pressure: 10 psi
Needle Frequency: 2300 rpm (38Hz)
Nozzle Diameter: D = 427 pLm
Paper moving velocity: 1 cm/s
Air Flow Rate: 11.8 cm 3/s
confined to 1 mm line width (Figure 24). Although there is a huge difference in
viscosity between water (1 cP) and glycerol (1000 cP), the sprayed droplets are confined
to a narrow band at the center of the air jet in both cases. From the experiments, it was
found that this printing method is less sensitive to liquid properties, such as viscosity and
surface tension. Especially, this method can print narrow lines with high viscosity
Newtonian or non-Newtonian liquid.
Increased Viscosity
( 1 : 30.5: 1060 ) [cPs]
Increased Air Flow Rate
(8.9 cm 3/s -> 11.8 cm 3/s)
Figure 24: Comparison of various print patterns under different printing conditions
3.2.5 Geometry of the Needle Tip
Various shapes of needle tips were tested to investigate the effect of needle tip shapes on
atomization. Figure 25 shows those needles such as original sharp-tapered needle (with
and without wax coating), flat end needle (with and without wax coating), and a tip
covered with microtube (Polyimide Tube, Small Parts Inc. FL) which has I.D. of 226 pm
and O.D. of 264 im.
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(a) (b)
g """" 60 WM
(C) (d)
(e)
(e) (f)
Figure 25: Various shapes of needle tips: (a) original needle, (b) original needle with wax
coated, (c) microtube covered needle, (d) fork-shaped microtube covered needle, (e) flat
ended needle, (f) flat ended needle with wax coated
Experiments showed that there is no evident advantage in using other shapes of needle
tips rather than original sharp-tapered needle (303 stainless steel) without wax.
However, by sharpening the needle and extending the taper, the performance in spraying
fine lines can be improved. A sharpening stone with a jeweler's motor or emery paper
can give this extended taper. Uniform sharpening near a needle tip is important to
achieve perfectly round and fine spray pattern. This sharpening method is mentioned in
some references [12, 17].
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Source: RossmanArt Co., http://rossrmanart. com
Figure 26: Difference in a hairline spray diameter between a standard needle and
sharpened needle.
As shown in Figure 26, the solid arrow indicates the area of increased performance for a
hairline spray. The dotted arrows indicate the effective spray region along the needle
during the reciprocation of the needle [17].
3.3 Droplet Generation by Needle Reciprocation without Air Jet
The previous experiment utilized air stream to produce spray. However, the air jet can
damage a print substrate such as powder layer surface that does not have enough
cohesion between particles. So, experiment depicted in this section was performed to
verify the feasibility of the droplet generation method by reciprocating motion of the
wetted needle without air jet. Figure 27 shows the schematic of the experiment.
Reciprocating motion was generated by a reciprocating saw (MILWAUKEE
Electric tool Co. WI, model #6537-22). The saw was fixed firmly in a vise to the heavy
table to prevent unnecessary vibration. By immersing it in testing fluids, a washer with
I.D. 5 mm and thickness 1 mm forms the fluid film inside the hole. The surface tension
of liquid enables the fluid film to sustain its meniscus during reciprocation of a needle.
Especially, water with methylene blue was used because water has a high value of surface
tension (72 mN/m) compared with other testing fluids.
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Washer fixed m space
reference line domn
Reca eedle
ant spray region
Motion by reciprocating saw
*peed : O~ 2400spm
* Sroke length : 3.175 cm
Figure 27: Schematic of experiment with reciprocating saw
Various types of needle tips, shown in Figure 25, were attached to the end of the blade.
In addition, two other needles were also tested: one-eye and two-eye needles, shown in
Figure 28. The print patterns from this experiment are shown in Figure 29. Solid
vertical lines shown in Figure 29 indicate the reference line above which the washer is
positioned (Figure 27).
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Figure 28: Needle tip with eye(s): (a) one-eye needle, (b) two-eye needle, and (c) original
sharp needle
~. * - *
* ~ 4 4bj
(C) (d)
Figure 29: Various patterns of droplets printed in dominant spray region in Figure 27 with
h=3.5 cm, needle reciprocation for 5 seconds: (a) 0.7 mm. sharp needle, (b) 275 pm sharp
needle with micro tube covered, (c) needle with two eyes, (c) needle with one eye
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3.3.1 Observation
As opposed to the expected forward motion of droplets, most of the droplets are produced
behind the reference line. The mechanism of droplet generation is illustrated in Figure
30. When the needle moves backward, the fluid film is coated on the needle surface and
stretched. At some point, the film cannot sustain further stretching and the stretched
liquid film becomes torn up. During this process, droplets are generated, which are
directed backward in a random way.
C needle 
%
0 ' droplets
fluid film in
the hole
(a) (b)
Figure 30: Mechanism of backward droplet generation: (a) the wetted needle pulling the
liquid film, (b) film break-up producing droplets backward.
3.4 Experiments with Pulse Air Jets
Pulse air jets were generated by the solenoid valve (Lee Co., model #LHDA2433115H).
Three experiments were performed to explore the possibility of the drop-on-demand or
spray-on-demand device using pulse air jets. Especially, since the air stream directly
contacts with print surface, the advantage of using pulse air jet rather than continuous air
jet is that a pulsed air jet can reduce the damage on print substrates by minimizing the
time the substrate is exposed to the air stream directly. Several devices were
constructed to observe the various aspects of droplet generation when two immiscible
fluids contact with each other.
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3.4.1 Droplet generation with Y-junction Micro-channel
A Y-junction micro-channel was fabricated using micro fabrication technology. These
channels were fabricated in Microsystems Technology Laboratories in MIT. The
process can be summarized briefly as follows. PDMS (PolyDiMethylSiloxane) mold
(peeled off from Si substrate) and a glass slide are bonded by oxidization and then
pressed together. After they are firmly bonded, tubing is inserted to allow for fluidic
interconnect, shown in Figure 31. Of the two inlets, one inlet is for pulsing air and the
other inlet is for dyed water. Four different sizes of channels are used. All channels
are 2 cm long, and about 50 ptm tall, but have different channel width such as 2000 Jim,
1000 pm, 500 pm, and 200 pm.
tubg Liqid
Inlet $I Inlet 02 Lezgth
width
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Figure 31: Y-junction Micro-Channel
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Since the PDMS and a glass slide are both transparent, the fluid pattern inside channel
can be easily observed. However, the main interest is the liquid drop generation at
channel outlets.
If two liquids are used, the flow rate of each liquid can be tuned for them to flow
side by side, i.e. laminar flow. However, when pulsing air and water are used, it is
difficult to obtain laminar flow pattern inside the channel, since the pulse air disturbs the
fluid flow randomly. Furthermore, at the channel outlet, the air swells liquid and then
the swelled liquid bubble breaks up, producing droplets (Figure 32). Especially, due to
pulsation of air, the periodic liquid bulging and breakup were observed. Therefore,
pushing a small amount of liquid by blowing air through the channel cannot guarantee the
fine control of droplet generation because air swells the fluid at the outlet nozzle. When
fluid is pushed by air through channel, it tends to stick to the rim of the outlet nozzle due
to surface tension and then random generation of droplets is followed.
Air in
Outlet nozzle -
Fluid swelled Bubble expansion Breakup
by air
Figure 32: Liquid bubble breakup at the outlet nozzle
3.4.2 Experiment with two types of airbrushes and pulse air jet
The effect of the pulse air jet on the print patterns with two types of airbrushes was
investigated by air jet on and off using the solenoid valve. The solenoid valve can
generate pulse air jets, which are controlled and monitored by the function generator
(Lodestar Electronics Co., model# FG-2102AD), DC power supply (CSI/SPECO Co.
model# PSV-5) and oscilloscope (Tektronix Co., model# TDS210). Printing
experiments have been performed on paper (Xerox), on the powder bed surface (A12 0 3 ,
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30 ptm), and on the pre-solidified powder (A120 3) bed manufactured by 3DPTM slurry
deposition. The experiments are divided into two parts. One is to combine IwataTM
airbrush (general type) with the solenoid valve, and the other is to combine PaascheTM
airbrush (reciprocating needle type) with the same solenoid valve. Dyed water (1 cP)
and glycerin (1000 cP) were used as testing fluids.
(1) IwataTM Custom Micron C plus airbrush with pulse air jet
Figure 33 shows the schematic of this experiment. With this airbrush, there is a
significant time delay between pulsed air jet on-time and the instance of spray due to the
compressibility of air. This problem originates from the nature of this normal type
airbrush: inside structure and the operating principle. In this type of airbrush, the
operation principle is that the air flow produces the local pressure drop around the needle
and owing to this pressure drop, fluid at the needle tip is entrained into this air flow.
So, the pulse air jet made by the solenoid valve cannot have independent control over the
air jet and the liquid feed. In addition, since the pulse air has to go through a relatively
long path inside the airbrush, compressibility of air makes the synchronization between
the air flow on-and-off and spray on-and-off even harder. This effect makes it difficult
to increase the pulse air jet frequency. Therefore, although this can produce detailed
dots, it is very hard to control that phenomenon, as shown in Figure 34.
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Liquid feed
hpw"a Quoona Adlcnia
Print surface
micro air control valve
Solenoid air valve
Solenoid valve
control stathon lAv sotee 1
A&--LiquidDropletA&Fo
Source: Fan-Gang Tseng.
Ph.D. dissertation, UCLA, 1998.
Pulsing Air
Figure 33: Experiment with Iwatam" airbrush using pulse air
Figure 34: Print pattern of dyed water on paper using Iwatarm airbrush with pulse air jet
(uncontrolled patterns of dots)
The IwataTM airbrush fluid head system and its working principle are shown in Figure 35
and 36, respectively. The fluid nozzle and the thickest part of the fluid needle (tapered)
are both 230 pm so that the needle can block the nozzle entirely when the main lever is
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not pulled back (Figure 35-c, 36). When the lever is pulled back, the annular opening
enables fluid to be entrained into the air stream (Figure 35-d, 36). If the air pressure is
not enough to produce local pressure drop for liquid entrainment, it results in poor spray
performance. Also, this poor atomization occurs when a pulsing air source is applied.
This uncontrolled poor spray results from the liquid accumulation at the needle tip and
intermittent explosive spraying. Dyed water and glycerin were both tested with the
airbrush and this uncontrolled spray was observed in both cases.
5 mm
A- needle receded
V A,-needle
(a) (b) Cc) (d)
Figure 35: IwataTm airbrush fluid head system: (a) complete head system, (b) crown cap
removed, (c) nozzle cap removed, and (d) receded needle by main lever
air flow
fluid nozzle
needle notI
receded
(a)
air flow
opening for
receded fluid to be
needle entrained
Figure 36: Opening for fluid in IwataTm airbrush fluid head system: (a) needle in original
position (no opening), (b) needle receded by pulling back main lever (opening for fluid
appears)
When continuous air jet was used instead of pulse air jet, glycerin requires greater
minimum air pressure to generate spray than water does at the same airbrush
configuration, such as main lever position and the fluid head system. With glycerin,
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minimum continuous air pressure to generate spray is about 15 psi and with water, it is
about 10 psi, although these values were measured at different micro air control valve
positions in the airbrush. At this minimum value of air pressure, the intermittent
'stipple' effect was observed both with water and with glycerin, even using continuous air
instead of pulse air jet, but these 'stipple' or 'dot' patterns were produced in a random
way.
(2) PaascheTM AB turbo airbrush with pulse air jet
The previous experiment showed that with the conventional type of airbrush such as
IwataTM airbrush, it is hard to obtain controlled liquid spray by pulse air jet, because in
this type of airbrush, air is involved in both the liquid feed by the local pressure drop to
entrain fluid, and the atomization of liquid. These double roles of the air jet can be
avoided by using the reciprocating needle type airbrush, i.e. PaascheTM AB turbo airbrush.
Figure 37 shows the schematic of this experiment. With the solenoid valve and the
PaascheTM airbrush, the pulse air jet was used to blow the fluid off the reciprocating
needle to obtain the sprayed dot when it is demanded. Air pulses with rectangular wave
are generated and monitored by function generator and oscilloscope. Different sizes of
nozzles (Gaiser Tool Co., CA) are tested; diameters are 427, 363, 340, 120, 50 and 30 /tm.
To reduce the compressible effect of pulsing air, the length of the tube between the nozzle
and solenoid valve was shortened as much as possible.
Pulsing air
valve
control. 
.
station
2 un 1"unpressure
nozzle solenoid gauge filter air regulator compressor
valve
oscillating
needle
Figure 37: Experiment with PaascheTm airbrush using pulse air jets
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Figure 38: Two modes of overlap between air jet pulsing and the needle oscillation: (a) air
jet ON-time is greater than the needle oscillation period, (b) air jet ON-time is less than
the needle oscillation period
46
EM~db
oadIeffeJa
-Mft
-t
11 . -26 1a
-1.
L
I
_1
Valve ON
The stroke length of the needle oscillation is about 1 mm and during the experiment the
needle frequency is fixed at 60 Hz (period: 16.7 ms). The valve on and off time was
varied by function generator and monitored by oscilloscope. As shown in Figure 38,
there are two possible modes of overlap between air jet pulsing and the needle oscillation.
The air jet on-time can be greater or less than the needle oscillation period. Given the
needle frequency, mode (b) in Figure 38 is favorable to the minimization of the impact of
the air jet on the print surface by diminishing the exposure time of the print substrate to
the air jet.
In the experiment with dyed water, it was observed that the valve on-time can be
reduced up to about 2 ms with the air pressure of 30 psi to produce spray. The air jet
on-time shorter than 2 ms cannot generate spray. Since the needle oscillation period is
16.7 ms, the valve on-time, 2 ms is small enough to put only one pulse of air jet into one
cycle of needle reciprocation. The size of spot sprayed is about 1 mm scale, and a dot
has 'grainy' feature around it (Figure 39).
Figure 39: Print pattern with dyed water on paper (Xerox) using Paascherm airbrush with
pulse air jets (nozzle ID: 363 gm, air pressure: 5 psi, needle oscillation period: 16.7 ms,
air ON-time: 10.4 ms)
With the pulse air jet, dyed water spray was produced when it was demanded (spray-on-
demand) within about 1 mm size. With the air nozzle of I.D. 363 /Lm, 5 psi is the lowest
air pressure at which continuous air jet can produce dyed water spray. However, 3 psi is
the minimum air pressure when the pulse air jet is applied with the same air nozzle.
This means that the pulse air jet can have larger impact on the fluid on the needle surface
than the continuous air jet. However, this large pulse jet impact can be unfavorable
especially in the case of the powder bed surface, which does not have enough cohesive
power between particles (Figure 40). Pulse air jets will be discussed in Chapter 4.
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4Figure 40: Damaged powder bed surface (A12 0 3 , particle size 30 pm, layer depth 2 mm) by
the pulse air jet from 50 pm diameter air nozzle (2 mm from the surface, 2 psi)
Although the pulse air jet disturbs the dry powder bed, this pulse air jet can print a 'dot'
pattern on paper, pre-solidified slurry-based 3DPTM powder bed, and any other surfaces
that have enough cohesive power to sustain the impact of air jet (Figure 41).
Figure 41: Print pattern on pre-solidified slurry-based 3DPTm powder bed surface (A 2 0 3 ,
particle size 30 pm) by the pulse air jet
With small air nozzles such as 30 jim and 50 /m and the tapered needle (thickest part of
275 Am), they cannot produce spray, even with 60 psi. However, those small nozzles
still damage the powder bed with both continuous air jet and pulse air jet as shown in
Figure 40. If the distance between the nozzle and powder bed is close in order to obtain
the detailed printing pattern, the air flow does impact on the local area of the print
substrate.
With highly viscous glycerin (1000 cP), more air pressure is required to generate
spray. With an air nozzle of diameter 363 pm, the minimum pressure for continuous air
jet to produce spray is 10 psi, compared with 5 psi for the dyed water. To produce spray
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pattern with glycerin and 363 Am nozzle at this minimum 10 psi, the pulse jet on-time
should include more than two cycles of needle oscillation (Figure 42). However, when
the air pressure was more than 10 psi, this effect of minimum air on-time was negligible.
Pulse Air On
16.7 s
Pulse Air On
I
Needle
Oscillati n
(a)
Pulse Air On
A L
: 16.7 s . Needle
Oscillati n
(b)
Figure 42: The effect of pulse air on-time with glycerin at the minimum pressure: Pulse air
jet on-time includes (a) less than two cycles of needle oscillation (no spray), (b) more than
two cycles of needle oscillation (spray was produced).
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The minimum air pressure to produce spray pattern is shown in Table 3. The reduced
pressure effect with the pulse air jet and the relationship between the viscosity and
minimum air pressure for atomization will be discussed in detail in Chapter 4.
Continuous air jet
Pulse air jet
Minimum air pressure to generate
Water
Glycerin
Minimum air pressure to generate spray
- 5 psi
- 3 psi
spray with water
5 psi
~ 10 psi
with continuous air jet
Table 3: Comparisons of minimum pressure
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Chapter 4
Results and Discussion
4.1 Kinematic Analysis of the Reciprocating Motion of the Needle
The needle oscillation with high frequency (-100 Hz) and small amplitude (- 0.5 mm) is
generated by a serrated air-driven wheel and a slotted link. Here, it will be shown by
kinematic analysis that the reciprocating motion in our device is sinusoidal under some
specific conditions.
6c:
Oscillation of point A attached to the needle
. .... .
iA
(a) (b)
Figure 43: Oscillating motion mechanism: (a) An air-driven wheel and a slotted link, (b)
Schematic diagram to determine the motion of point A attached to the needle.
For analytic purposes, we can choose an imaginary point P' on the slotted link, which is
coincident with the point P of the disk at a given instant. Applying the relative-velocity
equation, Vp= Vp'+ Vp/p' where Vp and Vp' are the velocities of the points attached to a
disk, and a slotted link, respectively and Vp/p' is the relative velocity of point P with
respect to P'. Vp/p' should move along the slot due to geometric constraint.
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From Figure 43-(b),
V r sin and V,. =
rdCosG 
-)h
where h=k+rcos9 and t=d+rsin9.
Using Vp/p'=Vp-Vp',
VP t rd .sin 0 - tV,.= C-rgcos0+h ]
and it is parallel to BD which is along the slot.
For a given geometry, ZABD and ZBDO are both 1350 and they give the direction of the
slot and yields,
tn -rdsin9+t 1-tan/3
tan(--p)= .. =.
4 rd cos0 - hB l+tan/3
This equation can be arrange for /, and we get
(sin 0 + cos ) + (sin 0 - cos 0) tanp (4.1)
(t + h) +(t - h) tan 6
Also, by geometry,
/T h - m cos/3 cos# - sin/p
tan(- - p)= = .
4 t - msin/p cos/p + sin/p
This can be arranged as
(h - t) cos / + (h + t) sin p = m.
Using this equation and sin 2 / + cos 2 / =1, it can be shown that
m(h+t)-(h -t) 2(h2 +t 2 )-m 2
2(h 2 +t 2 )
m(h -t)+(h+t)V2(h2 +t 2 )-m 2
In a similar way used for point P, the velocity of point A can be obtained. Point A
should move horizontally due to geometric constraint. Again, we can choose an
imaginary point A' on the slotted link, which is coincident with the point A of the needle
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at a given instant, and then the relative velocity equation can be expressed as VA
=VA +VA/A'. However, if we define the position of A (XA) as -(x, + Ax) (x,: constant),
Ax is the deviation of the position of A and varies with time. If the deviation is small
enough to satisfy Ax << x, (this is observed in our device), we can express the position
of point A as
XA = = - (o + AX) and OA = VH 2 +(xO + Ax) 2 ~ VH 2 +x|2 (x 0 : constant).
- H - H
Because VA/A' is parallel to AB which is along the slot and VA=VA +VA/A', we can
construct the velocity triangle, and evaluate VA', VA/A', and VA . The results can be
expressed as follows.
VA(cos# x cosp4 P
-sin d # sinp sinfl) VAVAI
VA = 8(H + 0" ) (4.2)
tan p 0
Since in our device r is small compared with other lengths (r<<k, r<<d, r<<xo), for the
small r, sino and tan can be treated as constant, and expressed as
m(k+d)-(k-d) 2(k 2 +d 2 )-m 2
sin k + (constant)
m(k+d)-(k-d) 2(k 2 +d 2 )-m 2
tan p + (constant).
m(k -d)+(k+d 2(k 2 +d 2 )-m 2
For the small r, the angular velocity of the slotted link can be obtained as:
t (sin 0 + cos0)+(sin 0 - cos 0)tan3 re (C, sin 0 + C2 cos O)re (4.3)
(t + h) +(t - h) tan
where
C1 = (constant)(d + k) + (d - k) tan (
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S- tan/pC2 = ( (-tan (constant).(d + k) +(d -k) tan 8
We can now determine the velocity of point A with (4.2) and (4.3). For the small off-
center distance r and small stroke of motion, the velocity of point A is expressed as
V, = 3(H+ ( >rd(H+ X )(C, sin0+C 2 cos9) .
tanpO 0 tanp8 0
Finally,
VA rL(C, sin 0 +C 2 cos ) (4.4)
where L = H + " (constant).
tanfl
If the air-driven wheel rotates at a constant rate, i.e. 9 is constant, VA is sinusoidal and
thus the motion of the needle is sinusoidal in our device.
As seen from the kinematic analysis, the velocity of point A can be treated as
sinusoidal for small off-center distance and small amplitude of motion. In fact, the
amplitude of needle motion and off-center distance in our device is small compared with
other length scales. Therefore, we can treat the needle motion as a sinusoidal one with
small amplitude. In most of our experiments, the generated needle frequency is about
100 Hz, which corresponds to the rotating speed of the air-driven wheel or disk. Due to
these characteristics of the device, without implementing rather expensive electric linear
actuator control system, the oscillating motion with high frequency and small stroke can
be generated by the slotted link mechanism in our experiments.
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4.2 Meniscus Profile
In this section, the characteristics of the meniscus profile, in both static and dynamic
cases, will be identified and discussed. Since the coated liquid eventually undergoes the
atomization process in the presence of the air stream, the meniscus profile is important in
terms of liquid feed into the air stream. In addition, the theoretical results will be
compared with the high speed video images.
4.2.1 Static Meniscus
When a thin cylindrical wire is immersed in a liquid reservoir, a static meniscus is formed
around the wire with a contact angle, 0. Figure 44 shows the configuration of the
static meniscus. Then, the free energy related to this static meniscus results from
capillarity and gravity. Depending on the wettability, the contact angle can be either an
acute or obtuse angle, and in Figure 44, this angle is assumed to be 0 < 00 < z /2.
men iscus
Figure 44: Static meniscus around a
(In most of our experiments, a m50 s
zo
wire
dr
C&rz
= -tan 0,
r
0
thin cylindrical wire immersed in a liquid reservoir
-m)
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The free energy E associated with meniscus can be expressed as follows [4].
E=2fc [a- r1+ 2 + a(SL s)+ 2 pgz(r -a 2 )]-dz (4.5)
2
a: radius of a wire, *= dr/dz, g: acceleration of gravity, p: liquid density
C'CsL o>s (interfacial tensions, subscripts: S-solid, L-liquid, V-vapor)
The first two terms are related to capillarity, and the third one accounts for gravity. The
equilibrium meniscus profile can be obtained by minimization of the free energy E by
means of Euler-Lagrange equation:
1 _ _ _ zP + -=0 (4.6)
r 1+*2 (1+)32 k2 =2
where = d2 r/dz2 , and the capillary length is k = o/ pg .
When a thin cylindrical solid such as a thin glass fiber and a wire, is immersed in a liquid,
a solid is in contact with a liquid forming a static meniscus. If the capillary length is
much greater than the radius of a thin wire, k -' >>a, such as our oscillating needle,
gravitational effect can be neglected. When a thin wire satisfying the above condition is
immersed in a liquid reservoir (or wetted by an infinitely large liquid drop), the
overpressure (Ap ~ 2c / r) within the liquid can be negligible, which defines a surface
with zero curvature. In this case, the remaining terms in the above equation are the first
two ones, and this indicates the balance between two capillary forces by curvatures.
Boundary conditions for r(z), shown in Figure 44, and we get
r(z,)=a and i(zj)=-tan0, . (4.7)
By integrating first two terms in (4.6) twice with (4.7), we can get the profile of the
meniscus and it is
- = cosh Oz +sin, -sinh( * ). (4.8)
a (a cos 0, a cos0,
56
Assuming that the liquid is able to wet the wire, i.e. 0, = 0, the above equation can be
simplified further. With z0 = 0 , it yields the static meniscus profile as
rz
-= cosh -. (4.9)
aa
This profile of the meniscus is known as a catenary curve, which is found in a hanging
chain [5].
4.2.2 Dynamic Meniscus
As long as the needle in our device does not move, the static meniscus analysis can be
applied to obtain the meniscus profile on the needle surface. However, when the needle
starts to oscillate, the static profile of meniscus does not hold and different approach
should be taken to predict the profile of dynamic meniscus. In the case of the dynamic
meniscus, the needle is considered to undergo an inertial coating process while oscillating
through the liquid reservoir and the dynamic meniscus results from the sinusoidal motion
of the needle and concurrent meniscus perturbation. Figure 45 and 46 shows
chronological images of meniscus at the needle tip region and the fluid reservoir region,
respectively. In them, there is no air stream from the air nozzle, compared with Figure
15 and 16 where there is air stream form the nozzle. Middle part indicates the needle
and coated liquid film surrounds it.
mm80
(a) (b) (c)
Figure 45: Chronological images of meniscus with glycerin (without air jet, 2 ms between
images, 500 frames per second): enlarged images at the needle tip region
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Figure 46: Chronological images of meniscus with glycerin (without air jet, 2 ms between
images, 500 frames per second): enlarged images near the fluid reservoir region
As shown in Figure 45 and 46, the liquid meniscus observed at the oscillating needle
experiences forced coating process, which is different from the static situation discussed
in the previous section. Specifically, the meniscus around the oscillating needle is not a
static meniscus, but a dynamic one which is found in generic coating processes associated
with forced wetting. When the reciprocating needle starts to move forward, the liquid
near the solid (in this case, needle surface) must move at the same velocity as the solid
due to the liquid viscosity. Thus, the static meniscus becomes dragged along and
stretched by the forward motion of the needle and as a result, a liquid film is entrained [3,
25, 26, 27]. The deformation of the liquid/air interface by solid motion causes capillary
resistance from the surface tension. Consequently, the competition between the viscous
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force, causing liquid entrainment, and the surface tension force, resisting the deformation
of the liquid/air interface, determines the overall meniscus shape and the average
thickness of the liquid film on the needle surface [3, 25].
By the Buckingham pi-theorem, we can show that the coated film thickness is a
function of the so-called capillary number. We first define the variables associated with
the problem:
h: film thickness (m), It: liquid viscosity (kg/m-s), V: coating velocity (m/s),
a: surface tension (N/m or kg/s2), p: density (kg/m3)
characteristic length depending on the geometry of the solid (m)
-~ a / pg (capillary length) for a large solid
f ~ r (radius) for a wire much thinner than the capillary length.
There are five variables (m=6 with h, /t, V, a, p, and ) in three dimensions (n=3 with
kg, m, and s). Therefore, by the Buckingham pi-theorem, there are two pi-groups
(m - n = 6 - 3 = 3) and they are
pC~V -pV 2t! h
I, = Ca , 12 =We= and 113 -,
where Ca is the capillary number, and We is the Weber number. Using the above result,
the film thickness, h = f(u, V, a, p, e) can be expressed with dimensionless groups, and
we get
h f(Ca, We). (4.10)
In fact, in the case that the wire is drawn slowly and thus the inertial effect can be
neglected, Goucher and Ward (1922) experimentally showed that h / e is an increasing
function of Ca [3, 25]. Subsequently, the theory about the thickness of the coated film
was developed by Landau & Levich (1942) and Derjaguin (1943), called LLD theory [3,
14, 26, 27]. The LLD theory can be summarized briefly by using scaling arguments [3].
If inertia is small enough compared to be neglected compared with other factors, in the
Navier-Stokes equation the pressure gradient term is balanced by the viscous force term,
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and it is
82 V OPp~ .p (4.11)
Oy 2 aX
Noting that the Laplace pressure (AP) can be written as a/r for the small film thickness
(h<<r in Figure 47), (4.11) can be written as
V 1a
p 2 ,(4.12)h A r
where A is characteristic length scale of the coated region shown in Figure 47.
The determination of the length scale Xwhere the static meniscus is stretched can
be done by matching the static meniscus with the dynamic meniscus. It was shown that
if r is smaller than the capillary length, the Laplace pressure (AP) is zero in static
meniscus [28]. However, the pressure in the dynamic meniscus involves two
components: one (1/R 1 ) by the curvature of the meniscus and the other (1/R 2) by the
second derivative of the meniscus profile.
1 1Using AP =a(-+ -) ~0,R R 2
a a-h
r+h A2
For h<<r,
A ~ 1h . (4.13)
Finally, the power laws for the film thickness, h and the dynamic meniscus length, X can
be obtained from (4.12) and (4.13), and they yield
h ~ r. Ca2 3  and A-rCa 11 3  (4.14)
More exactly, the calculation derived from the LLD theory showed that the film thickness,
h can be expressed as a function of the capillary number (Ca = pV / a, p : viscosity,
V: coating velocity, a: surface tension) and a solid radius r:
h =1.34. r -Ca21 3 for small capillary number (h << r). (4.15)
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For large capillary number, White and Tallmadge (1966) modified the original equation
and proposed a generalized form of the LLD law, written as [3, 28],
h = 1.34rCa (4.16)1 -1.34Ca 213
This expression diverges for Ca = 0.64 and at this regime, there is no gradient
of pressure between the film and the reservoir [3]. The equations (4.15) and (4.16)
imply that the key parameter which determines the film thickness is the capillary length
(Ca), which indicates the ratio between viscous force and surface tension force.
Quere et al. [3] studied the inertial effects on the film thickness, and showed that
coating velocity strongly affects the film thickness. They introduced another
dimensionless parameter, Weber number (We = pV 2 r / a-) to take account of inertial
effects, and related the film thickness to both capillary number and Weber number as
h r Ca 2 /3  (4.17)
1- We
According to the experimental study of fluid coating on a thin fiber by Qu&r6 et
al., inertia of a liquid sharply increases the liquid film thickness (Figure 47, 48, and 49).
In their experiments, they tested fiber, with diameters 12.5, 63.5 or 88.5 Am, and testing
fluids were silicone oils with viscosities of 19 - 12250 cP. Therefore, because of the
fast movement of the needle caused by its high frequency oscillation, the dynamic
meniscus observed in our experiment is observed to be thickened significantly compared
with the profile of the static meniscus.
2r lo V 3
Figure 47: Inertial coating of a fiber by Quire et al. [3]. A fiber with a radius r is
withdrawn out of a liquid reservoir and the static meniscus is stretched for a length X
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Figure 48: Slow coating of thin wires (r =12.5, 63.5, or 88.5 pm) by viscous silicone oils
(20 -500 mPa-s) and the coating velocities between 0.1 mm/s and 5 cm/s. All the data
under various different conditions obey a generalized LLD law [3]
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Figure 49: Quick coating of thin wires out of water. The diverging behavior (not obeying
the LLD) of the film thickness is shown beyond a threshold in velocity, which depends on
the fiber radius. (black squares: r =12.5 pm; white squares: r =63.5 tim) [3]
In our experiments, the needle has a tapering at the tip and its motion is sinusoidal with
high frequency. When considering only half the cycle of oscillation (i.e. the protruding
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motion of the needle from the reservoir), our experimental configuration corresponds to
that of Querd et al, except for the fact that our needle accelerates instead of moving with
constant velocity. The Weber number (We) based on the root-mean-square of the
sinusoidal velocity was 0.048 for the experiments with glycerin (shown in Figure 45 and
46). The capillary number (Ca) based on the same velocity was 3.7. Observed h/r was
about 0.5 near the needle tip and the inertial effect on the film thickness was observed in
our experiments. Based on the images (Figure 45 and 46) taken by a high speed digital
camera, the thickness of the coated liquid films was observed to be large compared with
needle thickness, whose thickest part is 275 Am. In addition, the volume of the liquid
around the oscillating needle was calculated at the instant of the maximum needle
protrusion, and it was approximately 1 mm3 .
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4.3 Atomization
Atomization refers to process whereby a volume of liquid is disintegrated into a
multiplicity of small droplets [1]. In our experiments, liquid on the needle surface is
observed to undergo this atomization process in the presence of the air stream from a
micro air nozzle. In this section, the atomization process, occurring at our oscillating
needle tip, will be discussed in conjunction with the similar air-blast atomizer
configurations. In addition, droplet generation by the needle reciprocation without air
stream will be discussed.
4.3.1 Liquid Sheet Break-up with Air Jet
Based on the chronological images obtained by a high speed digital camera (Motionscope,
Redlake MASD, Inc.) and motion analysis software (Midas 2.0, Xcitex, Inc.), we
observed atomization occurring at the oscillating needle tip in the presence of the air
stream from the micro air nozzle. Figure 15 (Ca=0.19 and We=0.068) and Figure 16
(Ca=3.7 and We=0.048) show the evolution of the meniscus profile and the atomization
process, at a framing rate of 500 fps. The liquid film on the needle surface becomes
exposed to the air stream, as the needle approaches the air jet. The receded liquid edge
due to the deformation of the meniscus is observed. Eventually, thin sheet of liquid is
disintegrated into droplets, and the spray is confined to a narrow band at the center of the
air jet. Mergence of two receded liquid bulges is observed, which effectively forms the
local accumulation of liquid on the needle surface, and this local accumulation can
prompt hydrodynamic instability, which is necessary for atomization.
The atomization mechanism observed in our experiments is essentially a
combination of (1) the deformation of a liquid meniscus on the needle surface by
aerodynamic forces, and (2) the instability of the deformed thin liquid sheet, which
eventually leads to fine ligaments and small droplets peeled off from the liquid sheet
(Figure 50). The liquid meniscus is deformed due to the high speed air stream, forming
a thin liquid sheet. The thickness of the liquid sheet can be further reduced as it
interacts with the surrounding air stream. The development of the thinning capillary
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liquid sheet is affected by the interaction between the liquid sheet and the turbulent
structures of a high speed co-flowing air stream.
Compressed
Alr Jet
Liquid film coated on Exaggerated view of 1
the cylindrical wire sheet disintegraon
Figure 50: Conceptual sketch of the disintegration of the liquid sheet, which initially coated
on a cylindrical wire
The formation of waves, which eventually end up with liquid droplets or spray, is caused
by aerodynamic or Kelvin-Helmholtz instability due to air shear effect [34]. In the case
of high liquid momentum, the atomization process is not entirely a pure shear-driven
phenomenon [32]. However, in our case, the liquid momentum or liquid feed velocity
into the surrounding air stream, caused by the meniscus deformation, can be considered
very low. Also, in our experiments, the aerodynamic viscous shear forces play a major
role both in the formation of thin liquid sheet and in the disintegration of it. As noted
previously, local liquid accumulation is observed before atomization. Irregular fibrous
or ligament type of liquid structure observed during atomization may be caused by this
liquid accumulation at the sheet edges and the following Rayleigh capillary pinching off
or necking mechanism [29].
4.3.2 Air-blast Atomization
The configuration of atomization presented in our experiments is similar to other typical
air-blast or air-assist atomizing configurations, in which a liquid sheet or jet is exposed to
co-flowing air [30, 31, 32]. Comparison of two configurations of atomization is shown
in Figure 51.
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Figure 51: Comparison of atomization configuration: (a) atomization at the needle surface,
(b) typical configuration of air-blast atomizer [30, 32]
Carvalho et al. (2002) and other workers have shown experimentally that the breakup
length (Lb) is strongly affected by air velocity (UA) with Lb Oc (U)-" where n>1 [30].
The liquid sheet break-up length is defined as the distance between the liquid injection
slit and the horizontal plane where the liquid sheet breakup first occurs. Their results
imply that the liquid sheet breakup length can be significantly reduced by increasing the
co-flowing air velocity. In previous experimental setups for air-blast atomization [30,
32], an inner water slit with exit thickness of 0.4 mm and 0.7 mm and width of 80 mm in
both cases, were used and the water sheet is sandwiched between two co-current air
streams of thickness 7 mm with an angle of 300 similar to Figure 51-(b). Their
experimental results with water sheet are shown in Figure 52.
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Figure 52: Images of planar liquid film undergoing air-blast atomization. Film thickness is
0.4 mm. Note that lower liquid velocity with higher air velocity results in minimum sheet
breakup length [32]
Compared with their experimental setups, the liquid protrusion caused by the meniscus
deformation due to air jet stream in our device, can be considered as a liquid feed at a
very low velocity. The surrounding air stream around the needle surface in our device
corresponds to the sandwich air flow at a high velocity. It was observed that in our
apparatus, a small amount of liquid is introduced into the surrounding or co-flowing air
stream around the needle by the instantaneous deformation of the coated liquid film,
which leads to the accumulation of liquid on the opposite side of the air nozzle (Figure
51-(a)). In particular, since the liquid feed velocity can be regarded as very low, the
Reynolds number based on the liquid velocity is expected to be low as well.
In contrast to the low liquid velocity induced by the deformation of the liquid
film, which experiences the stagnation pressure of air stream from the air nozzle on the
same side of the air nozzle, the velocity of the surrounding air stream is high, leading to
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high Weber number, (WeA = URpAd /a-, where UR is the relative velocity between air
and liquid). According to the morphological classification proposed by Farag and
Chigier (1992), the regime with low Reynolds number and high Weber number is
characterized by a significant decrease in the breakup length (LA), and instant atomization
at the outlet [33]. In addition to this high gas-to-liquid momentum, the characteristic
length scale of our device is very small (on the order of 100 /m) relative to that of the
configurations in previous experiments. In this context, both of these effects can
account for the almost immediate disintegration of liquid sheet at the tip of our oscillating
needle surface on the opposite side of the air nozzle.
4.3.3 Various Parameters Affecting Atomization
Different sizes of circular micro air nozzles were tested and the results are shown in
Figure 53. Diameters are 427, 363, 120, 50 and 30 yim. The sharp and tapered needle
(303 stainless steel) has a diameter of 275 ym at its thickest part. Using air nozzles with
diameters of 427 ttm and 363 pim, spray pattern is quite stable with the moderate air jet
pressure around 10 psi, although a smaller air nozzle (363 Jim) requires higher pressure to
produce spray than the one with larger diameter (427 !lm). With the air nozzle with 120
ym, the spray pattern starts to become unstable and irregular, and this means that poor
quality atomization takes place. Much smaller air nozzles with 50 lim and 30 Am
diameters, cannot produce spray with a needle of O.D. 275p/m, even with the air pressure
of 60 psi in gage pressure.
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Figure 53: Effect of viscosity and air nozzle size on minimum air pressure to generate
spray at needle frequency 60 Hz.
As shown in Figure 53, increased liquid viscosity requires higher air pressure to produce
spray. With higher viscosity fluid, more air momentum is required to deform the
meniscus and cause liquid sheet disintegration. Here, aqueous glycerin solutions
(Newtonian liquid) were used as testing fluids to match viscosities. By varying the
glycerin concentration, the desired viscosity can be obtained [16].
The air nozzles (Gaiser Tool Co.) can be considered converging nozzles due to
their inner structures. Considering the effect of air compressibility, with the isentropic
flow assumption the choking condition can be expressed as [8]
P, =[2 /(k+1)] k/k'-', = 0.5283P, (4.18)
(Pe: jet exit absolute pressure at the choking condition, PO: stagnation absolute pressure of
an upstream reservoir, k: specific-heat ratio, 1.4 for air).
69
For example, if P. = 44.7 psi (30 psi in gage pressure), then Pe = 23.6 psi (8.9 psi in gage
pressure), and this implies that a nozzle is choked since Pe is above atmospheric pressure
(Figure 54). At a choking condition with a fixed Po [8,13], the mass flow rate has its
maximum (i.e. a nozzle cannot carry any additional mass flow unless a nozzle is
widened), and the nozzle exit becomes sonic. For air, it is expressed as [8]
rhMa = 0.6847AjetP, (R To)- 1 2  (4.19)
(Ajet: nozzle exit area, R: a gas constant for air, 0.287 kJ/kgK, To: stagnation temperature
of an upstream reservoir).
Experimentally, with a micro air nozzle, the flow easily reaches the choking condition at
the nozzle exit, because small Ajet of micro air nozzle helps maintain low value of
maximum mass flow rate. When the nozzle is choked and then the stagnation pressure
is further increased, the exit jet may expand supersonically outside the nozzle exit with
complex and multidimensional jet structure (Figure 54).
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Figure 54: Converging nozzle operation: (a) nozzle geometry [8], (b) normalized pressure
distribution [8], (c) pressure distribution by various stagnation pressures.
Assuming that the pressure drop caused by the flow contraction in the air nozzle is the
highest one in the air jet system and the dynamic pressure is negligible compared with the
static pressure, the pressure set by use of the pressure regulator is almost the same as the
stagnation pressure, P0 . Thus, if the pressure is beyond 30 psi, then there is a high
possibility of the air nozzle being choked, which leads to Pe>Patm. The effect of
complex supersonic jet expansion on the liquid sheet disintegration or spray pattern has
not been investigated in our current study. However, here at least it can be concluded
that for an even and stable spray pattern, the needle should be centered in the middle of
the air nozzle. Also, the size of the air nozzle should be larger than the thickness of the
needle so that there can be enough air flow around coated liquid film to induce the
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instability of liquid sheets leading to disintegration (Figure 55). In this respect,
increased precision in spray pattern can be achieved by sharpening the needle tip (Figure
26). The extended taper on the needle tip as well as the centered needle alignment in
front of the air blast hole leads to precise atomization.
Compressed air
Air nozzle
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Figure 55: Cross section view of coated liquid film exposed to air jet
4.3.3 Droplet Generation by Reciprocating Motion without Air Jet
We tried to implement a droplets generation device which is still based on the
reciprocating motion of the needle, but does not need an air stream. This started from
the idea that if the inertia of the fluid at the needle tip overcomes the force of surface
tension that holds the drop to the needle tip, i.e. (pV 2 ) > (o / R), the drop might be
generated at the tip and this means that the Weber number has to be greater than 1.
Similar situation can be found in the generic dripping problem in which the drop hanging
on the tip of a vertical capillary tube may fall off when the drop weighs enough to prevail
over the surface tension force [7]. Instead of the gravitational force in dripping problem,
we expect the inertia to exceed the capillary force, and a drop to be ejected at the end of
the forward motion of the oscillating needle. In section 3.3, by replacing the current air-
driven oscillating motion generator with a stroke of 1 mm with the one with a much
longer stroke of 3.175 cm, maintaining the high frequency of the reciprocation (about 60
Hz), we tired to increase the inertia of the fluid at the needle tip. Also, the current
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reservoir is replaced by a small flat washer (radius of 2.5 mm and thickness of 1 mm).
Before the needle passes through the hole, the washer is immersed in dyed water so that
the fluid film can be formed and sustained inside the hole by surface tension. Water was
used as a testing fluid because water has a high surface tension (72mN/m) relative to
other liquids, and its high surface tension enables water to hold a fluid film inside the
hole without breakup during quite a few cycles of needle reciprocation.
However, the experiment of inertial droplet generation led to unexpected results.
As opposed to the expected forward motion of generated droplets, most of droplets were
produced on the rear side of the washer or fluid reservoir (Figure 29). Observations
reveal that when the needle moves backward, the fluid film attached to the needle surface
is stretched and broken up by the effects of both the capillary force and the viscous force.
During this process, droplets are generated directing backward in a random way.
Various kinds of needles were tested to obtain forward motion of droplets, such as
original sharp-tapered needle, flat ended needle, and needle covered with micro tube
(polyimide, Small Parts, Inc.) to change the geometry of needle tips, and wax-coated
needle (hydrophobic surface) were also tried. However, in every case, the dominant
direction of droplets is backward. These uncontrolled expulsions of droplets were also
observed in previous experiments [2, 3] with a long Teflon tube (radius of 2 mm and
length of 30 cm) and a wire with radius of 88.5 Am. The drop-expelling behavior is due
to the failure of the capillary force in resisting the viscous force, which can be considered
as the dynamic pressure (pV 2) times the surface area on which it acts [2, 3]. To avoid
random ejection of droplets observed in our droplet generation device using inertia of
fluids, further investigation on the design of the fluid reservoir and the effective motion
of the needle different from the current sinusoidal oscillation, should be performed.
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4.4 Pulse Air Jets
In section 3.4, the effect of pulse air jets on the atomization has been investigated by use
of an electro-magnetic valve (solenoid valve, Lee Co.). The control system of the valve
can generate periodic pulse jets. The experimental setup consists of the compressed air
system and the solenoid valve control station. Our experimental results showed that the
minimum air pressure to trigger off the atomization or blowing off some liquid at the
needle tip was lower with pulse air jet than with continuous air jet. The reason for this
can be explained in terms of flow characteristics of pulse air jets. The velocity field
structure of an axisymmetric, pulsed, subsonic air jets were studied in the previous paper
[19], and it was reported that there is a significant difference in the streamwise
component of the turbulence intensity between non-pulsed jets and pulsed jets. Also, it
was pointed out that the periodic structure of the flow is still found in an extended region
for distances up to tens of nozzle diameter.
Several past experimental results reported that at small Strouhal numbers
(St=wcL/U, i.e. oscillation/mean speed), such as St<0.01, the flow can preserve its pulsed
structure up to quite large distances from the jet nozzle exit, especially if the nozzle size
is small [19, 20, 21, 22]. Furthermore, in the pulsed flow structure, there may be a
certain region where the local oscillating velocity is higher than the local velocity in a
corresponding continuous air jet [20, 21]. In this sense, it can be explained that pulse air
jet may be more efficient than continuous air jet in deforming the liquid meniscus coated
on the needle surface, because of the increased local velocity in pulsed flow structure.
In fact, it was experimentally shown in previous papers that the forces acting on micron
sized particles (0.25-11.9 ym in diameter) by a pulsed jet can be greater than by a
continuous jet [23, 24]. In addition, due to its impulsive nature, the liquid film
deformation on the needle tip by pulse air jet can be more advantageous to atomization
than by continuous air jet. Thus, the reduced air pressure with pulse air jet can diminish
the disturbance on the weak print surface, such as dry powder bed which is farther from
the air nozzle exit than the needle surface or coated liquid.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
The mechanical perturbation of a liquid meniscus in the presence of a micro air jet is
capable of printing high viscosity media within the line width of 1 mm as a form of spray.
A schematic drawing of the printing process is shown in Figure 56. The inertial coating
process driven by high frequency needle oscillation accounts for the observed thick liquid
film thickness on a thin needle surface.
A variety of testing fluids, needle tip shapes, air nozzle sizes, air pressure and
print surfaces were tested to identify parameters which influence the print patterns as a
result of atomization. As long as the print surface has sufficient strength that can resist
the air stream pressure which is proportional to p,,i, V?, (pair,: air density, Vi,: air jet
velocity), high viscosity liquids can be printed as a form of spray within the line width of
1 mm.
Time-controlled spray printing was achieved by using a pulse air jet system. By
implementing pulse air jets, the period of atomization can be controlled and printing can
be performed only when it is demanded. Performing as a printing device or a fine
droplet generator, the reciprocating needle printing method studied here can also be
applied to printing process or coating process which utilizes highly viscous liquids.
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Figure 56: Schematic diagram of the atomization process
5.2 Future Work
The oscillating motion of the needle was not synchronized with the pulse air jet on and
off period. By implementing proper synchronization of the pulse air and the needle
motion, more precise control of liquid printing could be achieved. In addition, the
design of the needle bearing and the fluid reservoir can be improved and those can be
made up of other materials. For example, instead of using current steel needle bearing,
applying hydrophobic materials around the needle bearing helps prevent undesirable
build-up of printing media around the fluid reservoir.
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